Poliovirus-specific double-stranded RNA molecules containing covalently attached protein were coupled with a biotin ester through the protein moiety. Subsequent interaction of the RNA-biotin with avidin attached to electronopaque plastic spheres led to the formation of complexes that were easily visualized in the electron microscope. Avidinspheres were associated only with one end of the RNA-biotin molecules, as seen in the electron microscope. Avidin-sphere attachment to poliovirus double-stranded RNA is strand specific, as shown by molecular hybridization of strand-specific probes to the separated strands of denatured complexes. 13HJDNA
complementary to polio virion RNA hybridized exclusively to the strands bearing associated spheres [(+) strands] whereas 25I-labeled virion'RNA hybridized predominantly with strands without spheres [(-) strands]. This biotin-avidin labeling technique provides a means for the isolation of full-length poliovirus (-) strands and may provide a general means for isolation of double-stranded polynucleotides containing tightly attached protein.
The RNA molecules encapsidated in the virions of poliovirus have been shown to be covalently attached to a small basic protein, designated VPg at the 5' terminus of the genome RNA (1) (2) (3) . The presence of a genome-linked protein is thus far unique among the single-stranded RNA viruses but appears to be a common feature of picornaviruses (4, 5) . Although sequences coding for VPg have not been mapped on the viral genome, it is likely that the protein is virus-coded because it is synthesized after infection when virus-induced inhibition of host cell protein synthesis has occurred (1) . In addition, the proteins isolated from poliovirus RNA and from encephalomyocarditis virus RNA, grown in the same host cell, display different mobilities in sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gels (6) and thus appear to be specific for the infecting virus.
The role that VPg plays in the replication of the picornaviruses has not been established. However, analysis of replicative intermediates and of double-stranded RNA isolated from the infected cell showed that the complementary (-) strands of these molecules were also linked to a protein (2, 7) and suggested that virtually all viral RNA molecules were attached to protein during their biosynthesis. With the development of the avidin-biotin technique utilized for gene enrichment and gene detection (8) (9) (10) , a means was available for the selective labeling of poliovirus RNA molecules by attachment of electron-opaque avidin-spheres to the protein moiety of poliovirus RNA molecules that had been coupled to a biotin ester to form a RNAbiotin compound. Thereafter, these molecules can be specifically enriched by biochemical methods and can be examined in the electron microscope. In this report, we show that only one strand of viral RNA in the double-stranded molecule is capable of reacting in the biotin-avidin-sphere reaction, and that this reaction is limited exclusively to the (+) strand. This labeling technique may prove useful for isolation of nucleic acids with an attached protein moiety.
MATERIALS AND METHODS Cells, Virus, and Growth. Suspension cultures of HeLa S3 cells were grown as described (11) . Cells were concentrated to 5 X 106/ml and were infected with the Mahoney strain of poliovirus type 1 at a multiplicity of 10-100 plaque-forming units per cell at 37°C. In some preparations, poliovirus RNA was labeled with [14Cjuridine at 1 ,uCi/ml (1 Ci = 3.7 X 1010 becquerels) or with [3H]uridine and [3H]adenosine, each at 1 ,Ci/ml, in the presence of actinomycin D (5 ,ug/ml). Infected cells were collected by centrifugation [5] [6] hr postinfection, poliovirus was purified from cytoplasmic extracts as described (11) , and the virions were dialyzed against 0.15 M NaCI/0.01 M Tris-HCI/5 mM EDTA, pH 8.3 (TNE buffer).
Preparation of RNA. RNA was prepared from dialyzed virions by making the suspension 1% in NaDodSO4 and 10 ,ug/ml in polyvinyl sulfate and by extracting with TNE-saturated phenol two times at room temperature. The aqueous phase was collected and adjusted to 0.2 M sodium acetate (pH 5.5), and poliovirus RNA was precipitated with 2 (12) . Material sedimenting at 20 S was pooled and precipitated with ethanol. The RNA was dissolved in 0. 4 22 hr. This step widely separates avidin-spheres coupled to biotin-RF molecules (sphere band in upper third of gradient) from uncoupled RF molecules (which pellet) (9). The sphere band, which is easily discernible by light scattering, was removed with a syringe and analyzed by three methods: (i) visualization of spheres coupled to RF molecules in the electron microscope, (ii) determination of acid-precipitable radioactivity, and (iii) denaturation and isopycnic centrifugation in CsCI to determine the strand specificity of the avidin coupling. The remainder of the CsCI solution was poured from the centrifuge tube and the pellet was dissolved in TE buffer containing 0.2% NaDodSO4 for analysis of acid-precipitable material.
Electron Microscopy of RF Molecules Coupled to Spheres. RF molecules present in the sphere band were directly mounted for examination in the electron microscope by the formamide modification of the Kleinschmidt procedure (14 (-) strand probe to determine the specificity of the strands present in the sphere band and in the pellet. The material in the sphere band was diluted and pelleted, as described above, and suspended in TE buffer containing 0.2% NaDodSO4. The pellet was dissolved directly in TE containing 0.2% NaDodSO4.
Preparation of Poliovirus 125I-Labeled RNA (1251-RNA).
Virion RNA (35S; 5 ,ug) was iodinated in a polypropylene reaction tube with 1.5 mCi of carrier-free Na251I (New England Nuclear) by the procedure of Prensky (16) . The 125I-RNA was purified by gel filtration through Sephadex G-50, and the excluded material was precipitated with ethanol and fractionated by isopycnic centrifugation in Cs(OAc)3 as described by Burke et al. (17 extent of coupling of RF molecules to avidin-spheres was variable (46-93%) ( Table 2 ). This variability may be attributed to the incubation conditions either for the biotin reaction or for the coupling with avidin-spheres. Specificity of Sphere Binding to Strands in RF Molecules. It was important to establish whether avidin-sphere coupling to RF molecules occurred at a specific end or was a random event. The sphere band from the initial CsCl isopycnic centrifugation, containing RF-biotin-avidin-sphere complexes, was collected and the RF molecules were denatured either by heat or by dimethyl sulfoxide and then fractionated again in an isopycnic CsCl gradient. There was an equal distribution of 3H in both fractions (Table 2, Exp. 1), indicating that the strands had been separated under these conditions of denaturation.
Next, the sphere band and the pellet from CsCI gradients fractionating denatured RF-biotin-avidin-sphere complexes were analyzed for strand specificity by hybridization with strand-specific probes. Hybridization with an '251-labeled poliovirus RNA probe was utilized to detect the presence of (-) strands. Only the pellet contained significant levels of (-) strands (Table 3) . Therefore, the avidin-spheres were not attached to (-) strands under our incubation conditions. Furthermore, the strands of RF remained essentially intact because (-) strands were not distributed between both fractions. This finding was supported by hybridization of both the sphere band and the pellet with a [3H]cDNA probe that detects the presence of (+) strands. Only the sphere band had detectable (+) strands (Table 4) , clearly showing that the presence of the sphere does not prevent hybridization. It must be concluded, therefore, that coupling of avidin-spheres to RF-biotin molecules is strand (2) showed that the protein associated with the 5' terminus of the (-) strand of replicative intermediate RNA and RI has the same electrophoretic mobility as the virion RNA VPg. However, it should be noted that identical electrophoretic mobilities of small proteins does not necessarily indicate that they have identical molecular weights (21) . Therefore, the second possibility cannot be completely eliminated. It would appear that the third possibility is the most likely explanation for the appearance of avidin-spheres on only one end of the RF molecules. If, as is likely, the third possibility is correct, some proteins may be isolated by this biotin-avidin-sphere technique and some may be sterically shielded.
With reference to the present study, the data of Yogo et al. (22) suggests that the poly(U) segment at the 5' terminus of the (-) strand in RF is 60-90 nucleotides long. The data of Yogo and Wimmer (23) and of Spector and Baltimore (12) indicate that the poly(A) segment on the 3' terminus of the (+) strand of RF is 140-200 nucleotides long. Thus, the possibility exists that a nonpaired segment of a longer poly(A) stretch in the (+) strand may protect a protein on the 5' terminus of the (-) strand, preventing reaction with either biotin or avidin-spheres.
The specific coupling of avidin-spheres to the (+) strand of RF presents a novel approach for the preparation of a pure population of poliovirus (-) strands, perhaps in a much better yield than possible heretofore by other techniques (24) . RFbiotin-avidin-sphere complexes isolated in an initial CsCl isopycnic gradient may be collected, pelleted, denatured, and rebanded in a CsCl isopycnic gradient. The pellet from this gradient contains an essentially pure population of (-) strands, as shown by the hybridization analyses in this study. These strands may then be utilized in various ways for studies of the replication process of poliovirus. Furthermore, this procedure offers a means for the physical purification in high yield of double-strand polynucleotides containing a tightly bound protein moiety that is reactive with avidin-spheres.
After initiation of this work we learned that Wu et al. (20) 
